This article explores the wetting behavior of β-type nickel hydroxide, β-Ni(OH) 2 , and nickel oxyhydroxide, β-NiOOH, by means of first-principles calculations. Water is found to interact weakly with β-Ni(OH) 2 (001), but strongly with β-NiOOH (001). As unveiled with the use of ab initio molecular dynamics simulations, surface water layers at β-NiOOH (001) show a high degree of ordering correlated with a large surface polarization effect. In comparison, interfacial water at β-Ni(OH) 2 (001) exhibits enhanced disorder and higher mobility. The weak interaction of water with β-Ni(OH) 2 (001) is consistent with the small dipole moment of this surface. On the surface of β-NiOOH (001), in addition to the significantly increased surface dipole moment, unsaturated O atoms increase the number of hydrogen bonds between water molecules and surface, resulting in strong water binding. The wettability trends found in this simulation study is consistent with experimental observations. Another theoretical observation is the increased work function of β-NiOOH (001) relative to β-Ni(OH) 2 (001) that agrees with experimental results reported in the literature.
INTRODUCTION
Hydrogen is the most promising fuel to fulfill the demands of a clean and sustainable energy society in view of vehicle propulsion and large-scale energy storage [1] . Neat hydrogen can be produced by alkaline water electrolysis, which uses electrical energy to split water molecules into oxygen and hydrogen [2] . In these electrochemical cells, the anodic oxygen evolution reaction is especially challenging because it consumes a large amount of the available Gibbs energy, thereby diminishing the overall system efficiency [3] . A major focus of research forays in this field lies, therefore, on the development of efficient electrocatalyst materials to reduce these energy losses [4, 5] .
Nickel-based (oxy)hydroxides, as earth-abundant materials, have seen a recent surge of interest as electrocatalysts for water splitting in alkaline conditions [6, 7] . While the use of these materials in battery electrodes dates back to the last century [8, 9] , the renewed focus is mainly incited by the advancement of experimental techniques that are suitable to explore structural and electrochemical properties of these materials [10, 11, 12] .
In the late 1960s, a seminal X-ray diffraction study by Bode revealed four main phases of Ni (oxy)hydroxide. They include two phases of Ni hydroxide, labeled as α-and β-Ni(OH) 2 , and two phases Ni oxyhydroxide, referred to as β-and γ-NiOOH [13] . Cyclic voltammetry (CV) was employed to study oxidation and reduction processes at a Ni(poly) electrode in 0.5 M aqueous KOH solution at T = 293 K [14, 15, 16] . Potential cycling between 0.50 and 1.55 V vs. RHE at a scan rate ν = 100 mV s -1 was seen to trigger the phase transition from β-Ni(OH) 2 to β-NiOOH and back. The anodic and cathodic peaks associated with these transitions were observed at 1.45 and 1.36 V vs. RHE, respectively. For cycling to lower potentials the formation and reduction of α-Ni(OH) 2 was observed, with anodic and cathodic peaks at 0.30 and −0.05 V vs. RHE, respectively [16] .
The atomic structure of Ni (oxy)hydroxide phases consist of NiO 2 slabs with tetrahedral coordination of hydrogen atoms in the inter-slab space, as shown in Fig. 1 (a) and (b). The crystal structure of bulk β-Ni(OH) 2 is isostructural with brucite, with the space group P3 ത m1 and lattice parameters a = b = 3.126 Å and c = 4.605 Å [17, 18, 19] . On the other hand, the atomic structure of bulk β-NiOOH is still debated [20, 21] . Controversy evolves around possible stacking orders of the layers as well as the location of hydrogen atoms within the structure [21] ; α-and γ-phases are based on β-phases, but they also involve intercalated water molecules (and other ionic species) with varying degree of hydration [9] .
The renewed focus on Ni-based oxides as efficient catalyst materials for water splitting has stimulated a flurry of theoretical investigations using quantum mechanical simulations [20, 21, 22, 23, 24, 25, 26, 27] .
These efforts, mostly at the level of DFT + U, strived to rationalize the thermodynamic stability of the various bulk phases of NiO x -based materials [21, 27] , the relative stability of various surface terminations [20, 26] , their electronic properties [20, 21, 26] , and the resulting electrocatalytic activity for the OER [22, 23, 24, 25] . Surface calculations on Ni oxyhydroxides have focused on the (011̅ 5) or similar facets, which was justified by the higher OER activity expected for such planes [22, 23, 24, 25] . On the other hand, X-ray diffraction (XRD) studies showed the highest intensity for the (001) surface facet [9] .
As well, DFT + U calculations of various low-index surfaces of β-Ni(OH) 2 and β-NiOOH predicted the highest thermodynamic stability for the (001) surface [20] . Therefore, it seems expedient to focus on the (001) surface for detailed computational studies of interrelated surface properties as well as the mechanism and pathway of the OER.
Despite major progress in the field of first-principles electrochemistry, fundamental understanding about the processes taking place at the electrode-electrolyte interface is still incomplete [28] . This is due to the fact that the self-consistent theoretical treatment of structure, properties and reactions at solid-liquid interfaces requires a proper accounting for the electrolyte, which in turn demands computationally demanding statistical averaging [28, 29] . It is well known that the surficial water molecules play an important role in reaction pathways of electrochemical processes [30, 31, 32, 33, 34, 35, 36, 37] . The binding energy and configuration of interfacial water affect the work function and the electrostatic was taken from the work of Li and Selloni [22] , where it was calculated using linear response theory [52] .
Bulk structures of NiO x materials used in our simulations are based on the study of Van der Ven et al. [53] . β-Ni(OH) 2 has the ABAB oxygen stacking sequence (called T1, also see Fig. 1 (a) ), and β-NiOOH has AABBCC oxygen stacking sequence (called P3) [53] . In the latter case, as shown in Fig. 1 (b) , hydrogen atoms present in the inter-layer space create a saturated number of hydrogen bonds between the layers. In fact, as also stated in Ref. [20] , infrared spectroscopy measurements suggest that β-NiOOH is a hydrogen-bonded structure with no free hydroxyl groups [8, 55] . Bulk β-NiOOH was represented as a model system with a 1 2 1 unit cell.
A geometry relaxation was performed with a 6 × 6 × 4 Γ-point-centered Monkhorst−Pack k-point mesh [54] and a force threshold of 0.01 eV/Å. The optimized structures obtained as well as the corresponding unit cell parameters are shown in Fig. 1 (a) and (b).
Having obtained bulk structures, surface configurations were modeled as three-layer slabs of β-Ni(OH) 2 (001) or β-NiOOH (001) with 2√3 × 2√3-R30° or 3 × 4 unit cells. These unit cell configurations are commensurate with the addition of water layers and they allow varying surface terminations for β-NiOOH (001) to be created (see Fig 1 ( Fig. 1 (c) ). On the other hand, depending on the choice of unit cell, three different surface terminations of β-NiOOH (001) can be generated, with (i) 25% OH ad and 75% O ad ( Fig. 1 (d) Fig. 1 (f) ), NiOOH 75/25 (001), again for the 2√3 × 2√3-R30° unit cell. To 6 simulate the effect of surficial water, the surface coverage of water was changed step-wise from 0 ML to 1 ML on β-Ni(OH) 2 (001) and from 0 ML to 5/6 ML on β-NiOOH (001).
The maximum water coverages of 1 ML at β-Ni(OH) 2 respectively. At 2/3 ML the hexagonal ice-like water structure with H-down configuration has been usually used in our study, except for β-NiOOH 50/50 (001). In the latter case, the symmetry of the unit cell (i.e., 3 4) does not allow putting a water layer with hexagonal ice-like structure on the surface. For geometry optimizations of the slab models, we used 4 × 4 × 1 k-points, and a force threshold of 0.05 eV/Å.
AIMD simulations were performed in the microcanonical ensemble using the Verlet algorithm with a time step of 1 fs at a temperature of 140 K. This temperature was chosen as it is close to the typical desorption temperature of single water layers on metal electrodes [56] . The simulations were started using the configurations obtained from DFT-based energy minimization. Initially the mean kinetic energy was set to twice the targeted temperature of 140 K. We considered the water thermalization time to be ~1 ps when the mean kinetic energy dropped to about half the initial value. The number of kpoints in the AIMD simulations was decreased to 2 × 2 × 1.
RESULTS AND DISCUSSION
The adsorption energy per water molecule on the slab surface is calculated as,
where E tot , E slab and E ୌ మ correspond to the energies of the NiO x -water system, the bare NiO x slab and the isolated water molecule, respectively; n is the number of water molecules per unit-cell.
A water monomer binds relatively weakly at β-Ni(OH) 2 (001). As shown in Table 1 , among various possible configurations examined, it was found that a single water molecule binds more strongly in 7 between the triply coordinated OH groups with a "tilted" H-down configuration in order to form a hydrogen bond with the re-oriented OH ad ; this configuration is shown in Fig. 2 (a) and (e On the other hand, a water monomer binds strongly at the surface of β-NiOOH (001). Among various examined orientations shown in Table 1 Therefore, a water monomer creates more hydrogen bonds with β-NiOOH (001) due to the fact that the surface is not saturated with hydrogen as in the case of β-Ni(OH) 2 (001). The increased number of hydrogen bonds leads to stronger water binding and smaller distances between the water monomer and β-NiOOH (001) surfaces as compared to β-Ni(OH) 2 (001).
As illustrated in Fig 3 (b) , (h), (n), and (t), we increased the number of water molecules in the unit cell by adding the second molecule away from the first one at the surface. Obviously, due to the weak waterwater interaction, in this case rather similar adsorption energies were obtained as for water monomer adsorption for each of the four considered surfaces (shown in Fig. 2 ). Focusing on water dimerization on 8 these surfaces, cf. consequently an incomplete hydrogen bond network, owed to the geometry of the unit-cell.
In order to separate water-NiO x from water-water interactions, we performed an energy calculation for an isolated hexagonal water layer with all water molecules fixed in positions as in the configuration of the water layer when adsorbed on β-Ni(OH) 2 (001) or β-NiOOH 75/25 (001). The strength of water-water interactions can be calculated as [41] ,
where ‫ܧ‬ ௪௧௬ ௦௧ௗ is the energy obtained for the isolated water layer. Still it should be noted that this separation is not exact as the water-water interaction on the surface becomes modified by the change of the electronic structure of the water molecules upon adsorption, however, this effect is typically small [57] . The calculated ‫ܧ߂‬ ௬ ுଶை for β-Ni(OH) 2 (001) is -0.33 eV, while that for β-NiOOH 75/25 (001) is -0.37 eV, which means the water-water interaction is stronger on β-NiOOH (001) surfaces. This 9 observation is due to the fact that the lattice constant for β-NiOOH is smaller by about 7.5% in comparison to β-Ni(OH) 2 , resulting in a stronger interaction between neighboring water molecules on β-NiOOH (001). In summary for this part, we found stronger water-water, as well surface-water interactions on β-NiOOH (001), as compared to β-Ni(OH) 2 (001).
Next, as also studied in Ref. [58] for a number of transition metal surfaces, the adsorption energies of water in hexagonal arrays on β-Ni(OH) 2 (001) and β-NiOOH (001) surfaces were compared to the lattice energy of the hexagonal phase of bulk ice in order to evaluate the wettability. As can be seen in In order to understand the origin of the differences in water adsorption on β-Ni(OH) 2 and β-NiOOH (001), we determined the electron density difference of surfaces of NiO x with varying surface terminations in vacuum (Fig. 5) . The electron density difference along z direction was calculated as,
where, ߩ ௗ = ߩ ேை௫ − (ߩ ே + ߩ ை௫ ), is the difference between the electron density of one NiO x layer and the sum of the separately calculated electron densities of non-interacting Ni atoms and O (or OH) at their same atomic positions in the NiOx layer.
Given ‫)ݖ(ߣ߂‬ the absolute value of surface dipole moment for a 2D configuration can be calculated as or
for the "left hand side" (LHS) or the "right hand side" (RHS) of the surface. Here, -vac and +vac denotes the position in vacuum, at which the electron density vanishes on the relevant side of the 2D
surface. (001), as shown in Fig. 5 (c) , the calculated dipole moments were also still larger comparing to that for β-Ni(OH) 2 (001).
Given that in a slab configuration water interacts only with one side of the studied 2D surface models, we can conclude that, in addition to the site specific adsorption and increased number of hydrogenbonds between water molecules and β-NiOOH (001), the large surface dipole moment of β-NiOOH (001) adds to the strong interaction with surficial water molecules. On β-Ni(OH) 2 (001) this dipoledipole interaction is much weaker due to the smaller surface dipole moment. Fig. 6 (b) , below the flat-lying water molecules, which induces electron depletion zone on OH ad (shown as blue zones).
Additionally, there are electron depletion zones below the water molecules in H-down configuration, which induce electron accumulation on the O atoms at the surface. On the other hand, in comparison to β-NiOOH (001) water adsorption on β-Ni(OH) 2 (001) does not incur a significant electron density rearrangement, as revealed by Fig 6 (c) and (d) . Fig. 7 shows the one-electron potential distribution in the direction normal to the surface for the β-Ni(OH) 2 and β-NiOOH (001) systems. The work function is given by the difference between the Fermi energy and the value of the one-electron potential in vacuum. Vacuum is reached as the potential does not change anymore with increasing distance from the surface. As shown in Fig 7 (a) , for the bare β-Ni(OH) 2 (001) calculation of the work function yields a value of 3.87 eV. This value agrees well with the reported experimental value of the work function, which is 3.7 eV [59] . The presence of a water layer in H-down configuration increases the work function to 4.62 eV; while a water layer in H-up configuration causes a decrease to 3.02 eV. The opposite trends are expected due to the opposite dipole moments of the two water layers normal to the surface [39] .
For the bare β-NiOOH (001) surface the work function was found to be 5.18 eV. The reported experimental value of work function for this surface is 5.3 eV [60] . Upon adsorption of the H-down water layer the work function shifts to 5.56 eV. As discussed, the H-down configuration is strongly preferred on this surface due to the favorable formation of hydrogen bonds between the water molecules and O ad at the surface.
In comparison to β-Ni(OH) 2 (001), we first notice the significant increase in the work function for the β-NiOOH surface. Additionally, we notice that the increase in the work function for β-NiOOH (001), 12 caused by the adsorption of H-down water layer, is smaller than that for β-Ni(OH) 2 (001); this effect is due to the larger dipole-dipole interaction of water with the β-NiOOH (001) surface and the overall tendency to keep the work function lower for this system, as also discussed in ref. [39] for close-packed transition metal surfaces.
The thermal fluctuations of the surface water layers have been explored by AIMD simulations at a temperature of 140 K for a run time of 5 ps (5000 time steps). Initial structures were chosen as the optimized water structures at 2/3 ML coverage with maximum hydrogen bond network, as shown in in Fig. 2 (f) , (r), and (x).
The structure of water at β-Ni(OH) 2 and β-NiOOH (001) surfaces at t = 5 ps is depicted in Fig. 8 with the lower panel showing the trajectories of oxygen atoms of the water molecules during the molecular dynamics simulation run. A visual comparison shows indications of disorder in the water structure at β-Ni(OH) 2. For example, we can observe the deviation of the water structure from the closed hexagon. On the other hand, we do not observe a significant structural reorganization on β-Ni(OOH) (001), irrespective of the surface termination for this case.
We have plotted distribution functions for the distance of the oxygen atoms in the water layer from the β-Ni(OH) 2 and β-NiOOH (001) surfaces. This enables us to observe the extent at which the water molecules are displaced from the surface over the simulation run. As shown in Fig. 9 , a decrease in peak height and increase in the distribution spread is found as we go from β-NiOOH (001) to β-Ni(OH) 2 (001), indicating the increased disorder in the water layer for the latter system. Moreover, the closer proximity of the water molecules to β-NiOOH (001) as well as the sharper distribution reflect the stronger water-surface interaction on this surface as compared to β-Ni(OH) 2 (001).
Next, we further increased the coverage by introducing extra water molecules to the unit cell. The resulting interactions between the water molecules weaken the interaction of individual water molecules with the surface; consequently, a shift of the position of water from the surface should be observed. In View Article Online this case, the water coverage was increased to 1 ML for β-Ni(OH) 2 (001) and 5/6 ML for β-NiOOH (001) so that the total number of water molecules per surface area is almost the same for both systems. Fig. 10 (a) shows the side and top views of the trajectory paths of oxygen atoms in the water layer. It is obvious that the water molecules are highly mobile and disordered on β-Ni(OH) 2 (001), while their mobility is suppressed on β-NiOOH (001) due to the stability of the ordered sheet of water on this surface. Fig. 10 (b) compares the corresponding oxygen-wall distribution for the coverage of 1 ML water on β-Ni(OH) 2 (001) and 5/6 ML for β-NiOOH (001) over the simulation run of 3 ps. As can be seen the presence of extra water molecules leads to a shift of weakly adsorbed water molecules away from the surface of β-Ni(OH) 2 (001). On the other hand, the strong interaction of water with β-NiOOH (001), as well as the strong water-water interaction on this surface, keeps the water distribution highly localized and the regular arrangement intact for this surface.
A recent experimental study by Chang et al. supports our results [61] . The authors of that article explored the switchable wettability of amorphous and nanoporous NiOOH/Ni(OH) 2 . While the asprepared NiOOH film exhibits hydrophilic characteristics (with a wetting angle of 6.9 ± 1°), exposure to an environmental chamber with 85° C, %70 RH transforms the film towards becoming transparent and hydrophobic with a wetting angle of 138.9 ± 3° [61] . As confirmed by high-resolution transmission electron microscopy (HR-TEM) in their study, the conditioning in the environmental chamber induces a transition from the γ-NiOOH phase to the α-Ni(OH) 2 phase. Furthermore, a X-ray photoelectron spectroscopy (XPS) analysis performed in that work revealed that the peak associated with water adsorption on NiOOH disappears upon phase transition to Ni(OH) 2 . It was scrutinized that the nanoporous structure for NiOOH and Ni(OH) 2 remained the same. Therefore, changes in wettability should be ascribed to specific surface effects. In an electrochemical environment, another way to induce the phase transition between hydrophilic NiOOH and hydrophobic Ni(OH) 2 would be to change the electrode potential. The presented work can be extended to study the wettability of other related systems, including α-Ni(OH) 2 and γ NiOOH phases as well as ultrathin Ni (hydroxy)oxide films [62] .
CONCLUSIONS
We studied the adsorption of water on β-Ni(OH) 2 
